The effects of increasing sea surface temperature (SST) and aerosol loading in a drought region in Southern China are studied using aerosol optical depth (AOD), low-level cloud cover (LCC), visibility, and precipitation from observed surface data; wind, temperature, specific humidity, and geopotential height from the NCEP-NCAR reanalysis fields; and SST from the NOAA archive data. The results show a warming of the SST in the South China Sea and the Indian Ocean, and a strengthening of the West Pacific Subtropical High (WPSH) in the early summer during the last 40 yr, with the high pressure system extending farther westward over the continent in Southern China. Because the early summer average temperature contrast between the land and ocean decreased, the southwesterly monsoon from the ocean onto mainland China weakened and a surface horizontal wind divergence anomaly occurred over Southern China stabilizing the boundary layer. Thus, less moisture was transported to Southern China, causing a drying trend. Despite this, surface observations show that AOD and LCC have increased, while visibility has decreased. Precipitation has decreased in this region in the early summer, consistent with both the second aerosol indirect effect (reduction in precipitation efficiency caused by the more numerous and smaller cloud droplets) and dynamically induced changes from convective to more stratiform clouds. The second aerosol indirect effect and increases in SST and greenhouse gases (GHG) were simulated separately with the ECHAM4 general circulation model (GCM). The GCM results suggest that both effects contribute to the changes in LCC and precipitation in the drought region in Southern China. The flooding trend in Eastern China, however, is more likely caused by strengthened convective precipitation associated with increases in SST and GHG.
Introduction
The East Asian summer monsoon is directly controlled by the location of the West Pacific Subtropical High (WPSH). After the onset of South China Sea monsoon in the mid-May, warm moist air is transported from the South China Sea by the southwesterly flow to the northwestern region of the WPSH. Southern China (the region south of 27°N) then enters its main rainy season. The precipitation reaches its maximum during the early summer (May and June) every year. It accounts for about one third of the annual precipitation. The rainy belt moves northward to Eastern China (the region in the mid-lower reaches of the Yangtze River) in mid-June when the ridge line of the WPSH jumps from 20°to 25°N. From mid-July to August, the rainy belt moves farther northward to Northern China as the ridge line moves to 30°N.
In the last two decades, the rainy belt in the midsummer shows a trend of moving southward, and with that, severe flooding occurs more frequently in Eastern China (Xu 2001) . However, the rainy belt propagates northward in the early summer: Eastern China suffered from heavy flooding while heavy droughts have occurred more frequently and consecutively in a region near the South China Sea in recent years. In May 2002, a newspaper wrote about the lack of precipitation: "Local rivers, ponds and reservoirs have dropped to very low levels, with some already out of water. Farming and people's daily lives are affected. In certain farming areas, it is too dry to plant crops and some crops have withered. In Shenzhen, the worst hit area of the province, reservoir storage has dropped to half its normal level" (available online at http://english.peopledaily. com.cn/200205/04/eng20020504_95127.shtml). In the early summer of 2003, although heavy flooding occurred in parts of Eastern and Southern China, drought and hot weather threatened other parts of Southern China.
To explain this drought trend in some parts of Southern China, two effects should be considered. The first one is the increase in sea surface temperature (SST) due at least in part to the anthropogenic greenhouse gas (GHG) effect. Traditionally, only the tropical SST anomaly is thought to be responsible for variations in regional precipitation. Previous studies found that there is a direct relationship between the summer rainfall over Eastern China and tropical Pacific SST on interannual time scales. Wet anomalies usually appear in Southern China during El Niño episodes (Huang and Wu 1989; Dai and Wigley 2000) . Climate modeling studies recently showed that the cold SST in the East Pacific Ocean together with above-normal SSTs in the Indian and West Pacific Ocean caused midlatitude droughts in the Northern Hemisphere in 1998-2002, such as in the United States, the Mediterranean, and in Southwest Asia (Hoering and Kumar 2003) . Gong and Ho (2002) proposed that since 1980, the WPSH has enlarged, intensified, and extended southwestward in summer. The changes in the WPSH are strongly associated with the variations of the SST in the eastern tropical Pacific and tropical Indian Ocean. The anomalies of these SSTs are primarily responsible for the shift of the summer rainfall over Eastern China through the changes in WPSH.
Aerosol loading may also contribute to regional precipitation changes in China based on recent studies. Xu (2001) explained the midsummer flooding trend in Eastern China with the cooling effect of sulfate aerosol, which caused the WPSH and monsoon rainy belt to move southward from Northern China. This is the result of the direct effect of aerosols on the earth's climate by scattering and absorption of solar radiation . To support this explanation, Xu (2001) also introduced climate model results that suggest that the rainy belt will move northward if CO 2 increased, but will move southward if CO 2 is increased together with the direct sulfate aerosol forcing (Räisänen 1998 ). This explanation is reasonable in the midsummer when the WPSH is located over the land where the cooling effect can influence the strength of the high pressure system directly. However, in the early summer, when the WPSH is located over the ocean, the aerosol direct effect should not be large enough to offset the SST effect. Therefore both SST and aerosol effects should be considered.
On the other hand, based on a climate model simulation, Menon et al. (2002) suggest that summer flooding in Southern China can be caused by absorbing aerosols, such as black carbon (BC). Black carbon absorbs sunlight, heats the air, and hence alters the atmospheric stability and vertical motion, leading to more convective precipitation (Hansen et al. 2000; Jacobson 2001) . It is clear that this explanation cannot directly explain the drought region in southern China in early summer where the BC loading has a similar high level. Xu (2001) and Menon et al. (2002) also point out that the influence of aerosols on precipitation may be larger than the effect of increases in SST in Southern China. However, aerosol effects are complex and could be easily masked by dynamical effects. For example, in winter, the large-scale northeastern monsoon from high latitudes often controls the climate in Southern China. In summer, the WPSH is associated with a moisture convergence region in its northwest part with frequent heavy convective precipitation.
As discussed above, many climate change studies concentrated on the midsummer flooding region in Eastern and Southern China, but the drying region in Southern China has received little attention so far. Thus, in this study, we will investigate the role of increasing GHGs and SST versus aerosol loading for the regional climate change with emphasis on the drought region in Southern China in early summer.
Data and model description
Forty years of monthly mean precipitation data from January 1961 to December 2000, observed at 75 stations (Fig. 1a) in Eastern and Southern China, were obtained from the Chinese Meteorological Administration (CMA). Here Eastern China is defined as the region in the mid-lower reaches of the Yangtze River (27°-34°N, 112°-122°E), and Southern China refers to the region south of 27°N (see Fig. 1 ). The precipitation change is obtained from the decadal mean 1991-2000 (1990s) minus the decadal mean 1961-70 (1960s) normalized by the average precipitation of the 1960s period, which is shown in Fig. 1b for early summer (May and June). We also analyzed the trend in precipitation from the 1980s to the 1990s. During this time, similar precipitation anomaly distribution patterns are observed in Eastern and Southern China (not shown). Whereas precipitation has increased in Eastern China and some parts of Southern China, a drought region (23°-27°N, 114°-120°E) is clearly visible in Southern China (see the small rectangle in Fig. 1 ). To investigate the cause for this drought region, we use monthly mean data of low-level cloud cover (LCC) and visibility data obtained from 35 surface observation stations (Fig. 2 ) located near the drought region. LCC is the sky coverage when low-level clouds are observed based on individual surface observations; LCC and visibility data are available from January 1961 to December 2000. Annual mean aerosol optical depth (AOD) data over Southern China are available from 1961 to 1990 at four stations obtained from surface direct solar radiation observations under cloud free conditions .
Monthly mean SST data are obtained from the extended reconstructed global sea surface temperature dataset based on COADS (Comprehensive OceanAtmosphere Data Set; Smith and Reynolds 2003) , and monthly mean air temperature, wind and specific humidity, and 500-hPa geopotential height data (Kalnay et al. 1996) were obtained from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset from January 1961 to December 2000. The ECHAM4 general circulation model (GCM; Roeckner et al. 1996) in T30 horizontal resolution, about 375 km ϫ 375 km in southern China, was used to separate aerosol indirect effect from the increase in SST and GHG. The GCM includes a fully coupled aerosol-cloud microphysics module (Lohmann and Feichter 2001; FIG. 2 . The locations of the 35 stations used for low-level cloud cover (LCC) and visibility in Southern China; AOD data are only available at four stations as indicated by the plus signs. The rectangular region is the drought region in Southern China. Lohmann and Kärcher 2002; Feichter et al. 2004 ). The cloud microphysics scheme that couples the aerosol distributions with the cloud physics as applied in the aerosol particle (AP) and GHG and AP simulations is described in Lohmann and Roeckner (1996) , Lohmann et al. (1999), and . In these experiments, cloud water and cloud ice are treated separately as prognostic variables and a budget equation for the cloud droplet number concentration and for the ice crystal number concentration is introduced. The bulk microphysics parameterizations for warm phase processes are derived from the stochastic collection equation (Beheng 1994) , while the parameterizations of the mixed and ice phase have been originally developed for a mesoscale model (Levkov et al. 1992) . A parameterization of the autoconversion rate of cloud droplets (Khairoutdinov and Kogan 2000) has been introduced, which depends not only on the liquid water content but additionally on the cloud droplet number concentration (CDNC). Cloud droplet nucleation depends on the total number of aerosols at cloud base, the vertical velocity and an activation parameter (Lohmann et al. 1999) so that changes in aerosol concentration can feed back on cloud physics and dynamics. The performance of this scheme and the calculated effects of anthropogenic aerosol on cloud forcing are reported in Lohmann et al. (2000) . Four experiments are designed as described in Table 1 .The reference simulation A includes both indirect aerosol effects due to sulfate and carbonaceous (black carbon and organic carbon) aerosol particles using present-day emissions following Lohmann and Lesins (2002) . The emission inventories and source strengths are shown in Table 2 (Feichter et al. 2004 ).
In the simulations with pre-industrial aerosol emis- sion, the emissions of sulfate and carbonaceous aerosol particles from fossil fuel use and biomass burning are set to zero. It leaves natural emissions from forests as the only source for organic carbon, and dimethyl sulfide (DMS) emissions from the ocean and volcanoes as the only sources for sulfate aerosols. In the simulations with pre-industrial SST and GHG, the greenhouse gas concentrations are set to 268-ppm carbon dioxide, 0.7-ppm methane, and 257-ppt nitrous oxide as compared to 353-ppm carbon dioxide, 1.72-ppm methane, and 310-ppt nitrous oxide in the present-day scenario. The increase in sea surface temperature is according to the equilibrium climate of a coupled atmosphere-mixed layer ocean model from PI to PD that includes changes in GHG and aerosols (Feichter et al. 2004 ) and amounts to 0.6 K in the global mean. Therefore the aerosol effect can be obtained from the difference (A-C), the effect of simultaneously increasing GHG ϩ SST can be obtained from the difference (A-B), and both effects can be obtained from the difference (A-D). The GCM is run for a 5-yr period after an initial 3 months spinup for pre-industrial and present-day conditions separately. The early summer (May and June) results were obtained by averaging over the 10 months.
The effect of aerosols on low-level cloud cover and precipitation
In China, 80% of energy consumption originates from coal combustion. Therefore, sulfur dioxide (SO 2 ) emissions have significantly increased over the last 20 yr (Xu 2001) . The average sulfur emissions for China amounted to 3.8, 7.0, 12.2, and 18.8 Tg SO 2 /year, in the 1960s, 1970s, 1980s, and between 1990 2 /year, in the 1960s, 1970s, 1980s, and between and 1997 2 /year, in the 1960s, 1970s, 1980s, and between , respectively (Ren et al. 1997 . The concentration of sulfate aerosols in the atmosphere varies almost linearly with the sulfur emissions (Qian et al. 2001 ). This trend is reflected in an increase in aerosol optical depth (AOD) accompanied by a decrease in visibility in this region as shown in Fig. 3a . Note that using the direct solar radiation observation, AOD data should not be influenced by cloud properties and coverage, but only reflect the aerosol loading. AOD increased by about 40% in the last 30 yr. In contrast, visibility decreased by about 50% in the last 40 yr. This visibility decrease cannot be explained by an increase in the frequency of fog, because the visibility in Southern China is hardly ever below 1 km based on daily observations over the last 40 yr in early summer. Haze occurs in this industrial region but mainly in February and March, it hardly occurs in May and June. AOD and visibility are negatively correlated from the 1960s to the 1990s with a correlation coefficient of r ϭ Ϫ0.72, which is significant at the 99.9% confidence level. Hence because AOD data are only available at four stations in Southern China, we can use visibility as a surrogate for AOD in this study. Figure 3b shows that visibility and LCC in the drought region in early summer are negatively correlated (r ϭ Ϫ0.46, significant at the 95% confidence level) with LCC having increased over the last 40 yr. The opposite spatial distribution of these trends is shown in Figs. 4a and 4b. LCC and precipitation experience a year-to-year variability of the same sign as depicted in Fig. 3c . However, their trend over the whole 40 yr is opposite to each other with precipitation having decreased while LCC increased. The time series diverge more in the last 20 yr when visibility decreased more strongly. Total cloud cover is slightly decreasing in southern China (not shown). Also Kaiser (1998) reported that the summer mean total cloud amount exhibits a slightly decreasing trend (1.2%-1.5% per decadal) during 1954-94 in Southern China based on surface observation data from Chinese Meteorological Administration (CMA). We focus on LCC data in this study because the aerosol indirect effect mainly influences low-level clouds. AOD and LCC are increasing, but visibility and precipitation are decreasing in this region, suggesting that the second aerosol indirect effect may be an important factor in this region. That is, increasing aerosol loading may increase the cloud droplet number concentration and, hence, decrease the cloud droplet effective radius in liquid water clouds. This will act to suppress the warm rain formation in polluted clouds and increase their lifetime as discussed by Lohmann and Lesins (2002) , Kaufman and Fraser (1997) , and Ramanathan et al. (2001) . However, dynamical factors may contribute as well and this will be discussed next.
Effect of SST on precipitation and low-level cloud cover
It is very likely that the 1990s decade was the warmest decade since 1861 (Houghton et al. 2001) . The same appears to be true for the tropical SST, and the areal coverage of the so-called oceanic warm pool (NOAA-CIRES Climate Diagnostics Center 2001). Against the background of global warming, the SST (Fig. 5a ) in the South China Sea and in the northeastern part of the Indian Ocean has increased by about 0.2°-0.4°C in early summer during the last 40 yr. A similar spatial distribution is reflected in the 1000-hPa air temperature field over the ocean (Fig. 5b) Angell (1981) demonstrated that during warm SST conditions the subtropical high in the Northern Hemisphere strengthens and its center moves southward. Nan and Li (2003) also addressed that the WPSH has strengthened during the last 40 yr and that it extends farther westward over the continent in the 1990s. As shown in Fig. 6 , during the last 30 yr, the WPSH has strengthened. The 5880-gm contour, which is an index for the strength of the WPSH, appeared in the 1990s and the 5860-gm contour extends farther westward over the continent in the 1990s. Consequently, Southern China is more frequently under the influence of the WPSH than 30 yr before. The 850-hPa wind vector and general circulation (not shown) have adjusted to the weakened temperature contrast between the ocean and the continent (Fig. 5b) . This weakened the southwesterly monsoon circulation over the South China Sea and Southeastern China in the 1990s as compared to the 1960s. Also, the convergence region associated with the main rainy belt in the drought region of Southern China weakened from the 1960s to the 1990s (Figs. 7a, b) . Instead a divergence anomaly region has appeared in the eastern part of the drought region in Southern China (Fig. 7c) . In addition, the specific humidity decreased at levels below 800-hPa as shown in Fig. 8a over the drought region (23°-27°N, 114°-120°E ), because less moisture is transported into this region from the ocean during Southern China's main rainy season in early summer (Fig. 8b) . However, less precipitation also reduces the soil water content, which in turn reduces evaporation. This is another possible reason for this decreased specific humidity.
The specific humidity decreased below 800 hPa in the last 40 yr, so that LCC should have decreased instead of increasing in Southern China. Therefore, the increase in LCC in the drought region suggests that increasing aerosol levels may have reduced the precipitation efficiency of low-level clouds (the indirect aerosol lifetime effect), thereby causing the increase in LCC. However, the temperature in this region increased more above 950-hPa than below (Fig. 8c) resulting in a more stable boundary layer. This promotes longer-lived, less precipitating stratus clouds instead of shorter-lived, more precipitating convective clouds. Thus, if this change in temperature originates from dynamical changes alone, then aerosols may not play a role.
On the other hand, what has caused the precipitation to increase in Eastern China and in some regions in Southern China as shown in Fig. 1b ? These regions are located in the northwestern part of the WPSH. Although the specific humidity in these regions decreased here as well during the last 40 yr (Fig. 8b) , the strengthened convergence anomaly in this region (Fig. 7c) with a moisture influx from the south led to more precipitation in early summer. This dynamical effect strengthened the flooding trend in Eastern China and in some parts of Southern China in early summer, for which the indirect aerosol effect cannot be responsible.
Model results
To separate the aerosol indirect effect from the SST and GHG effect, ECHAM4 modeling studies have been conducted. Although these simulations are based on the PI and PD scenarios (representative for 1750 and the 1980s, respectively) rather than based on the last 40 yr, the model results show that aerosols have an effect on the LCC spatial distribution, which is similar to the observations near the drought region in May and June (cf. Fig. 9a and Fig. 4b ). The simulated precipitation decreased due to increased aerosol levels in Eastern and Southern China with the drought center at 27.5°N, 117°E (Fig. 9d ) as compared to (25°N, 116°E) in the observations. Increases in SST and GHG cause a smaller increase in LCC and decrease in precipitation than the aerosol indirect effect does. However, the flooding region at the north side of Yangtze River is missing (Fig. 9e) . When increases in GHG, SST, and aerosols are considered simultaneously, Fig. 9c shows that LCC in the drought region has a net decreasing trend. This may be connected with inaccurate locations of convective precipitation simulated by the model. Based on Figs. 9h and 9e, when only increases in SST and GHG are considered, the convective precipitation dominates the total precipitation anomaly south of 30°N and it has a similar spatial distribution compared to the observation in Fig. 1b . However, compared with Fig. 1b, in Figs. 9e and 9h, the flooding region in Eastern China should be farther northward and the drought region should extend northward as well. If the convective precipitation decreases in the drought region during the rainy season LCC may be improved in Fig. 9b and Fig. 9c . Also, compared with Fig. 1b , the model overestimates the stratiform precipitation or underestimate the convective precipitation over north of 30°N where the flooding region in Eastern China is missing (Fig. 9f) . Nevertheless, the model simulated the center of the increase in LCC in the drought region well when only the indirect effect of aerosol is considered; both the aerosol and the dynamical effect contribute to the drought trend over Southern China; the flooding region in Eastern China is more likely caused by strengthened convective precipitation associated with increases in SST and GHG.
Summary and discussion
The SST increased in the South China Sea and the Indian Ocean during the last 40 yr. In particular, the SST in the middle and eastern tropical Pacific Ocean in the 1990s has increased by 0.2°-0.4°C as compared to the 1960s, and an El Niño-like spatial distribution prevailed in the East Pacific tropical region for most of the 1990s. However, the SST has also warmed in the West Pacific Ocean and the South China Sea. This affected the summer monsoon and the distribution of rainfall in Southern and Eastern China. The higher SST increased the strength of the WPSH and the high pressure system extended farther westward into Southern China in the 1990s as compared to the 1960s. This weakened the southwesterly monsoon from the South China Sea and a divergence anomaly region occurred near the drought region in Southern China. Therefore, less water vapor was transported to Southern China causing this drought trend. Aerosols may play an important role to this local climate change. During the last 40 yr, as anthropogenic emissions of aerosols and their precursors increased in southern China, precipitation decreased while LCC increased in this region, which is what one would expect from the indirect aerosol lifetime effect. In contrast, farther north in Eastern China, a convergence anomaly led to more precipitation in early summer.
Along a similar line of arguments, Rotstayn and Lohmann (2002) concluded based on a coupled atmospheric general circulation/mixed layer ocean model study that aerosol-induced increases in cloud cover and cloud liquid water path decreased the amount of solar radiation reaching the surface and cooled the North Atlantic. To satisfy the surface energy budget less moisture evaporated from the ocean surface. With that, aerosols were partly responsible for a weaker African summer monsoon, which causes droughts in the Sahel region. In Southern China, on the other hand, one cannot rule out the possibility that changes in large-scale dynamics such as the Pacific decadal oscillation or the prolonged El Niño event of the 1990s could have changed the structure of the planetary boundary layer over Southern China such that LCC has increased and precipitation has decreased. Over the drying region in southern China, as the West Pacific Subtropical High strengthened, the temperature increased above 950 hPa as shown in Fig. 8c , which leads to a more stable boundary layer that would promote longer lived, less precipitating stratus clouds instead of shorter lived, more precipitating convective clouds. Based on GCM simulations, aerosol induced effects are disentangled from dynamical effects. Although the model has some shortcomings in the simulation of the location of the convective precipitation anomaly region, the results suggest that both increases in aerosol and SST and GHG contribute to an increase in LCC and decease in precipitation over the drought region in Southern China. The flooding trend in Eastern China on the other hand is more likely caused by strengthened convective precipitation associated with SST and GHG effects. The indirect effect of aerosols in the drought region corresponds well to the increasing trend of the local planetary albedo in Southern China during summer as deduced from the National Oceanic and Atmospheric Administration (NOAA) Advanced Very-High Resolution Radiometer (AVHRR) satellite data (Krüger and Graßl 2004) .
